Here the authors show a method for inking scanning probes based on local thermal evaporative inking transfer. This method results in low loss, rapid, and parallel inking action. Scanning probes are accommodated at openings of ink reservoirs. A resistive heater is used to initiate vaporization of inks to uniformly coat probes. 1 mM 16-mercaptohexadecanoic acid in ethanol solution is used to characterize this inking chip. Moreover, an array of scanning probes can be inked simultaneously using an array of inking reservoirs. During the inking process, each probe is tightly sealed inside individual reservoir so cross contamination is limited.
Existing methods of inking include liquid phase inking, inkpad transfer, and vapor phase inking. These methods all face severe limitations. The liquid phase dip inking is simple and popular, but it provides nonuniform, uncontrollable inking. It also suffers from high rate of evaporative ink loss from reservoirs as well as cross contamination when inking an array. [11] [12] [13] Inkpad-based probe inking method has been proposed to overcome this issue. It employs a porous membrane ͓e.g., polydimethlysiloxane ͑PDMS͔͒ for containing/ capping the inking solution. However, it takes long time ͑Ͼ6 h͒ for thiol molecules to diffuse through the thin membrane from ink-delivery channels.
14 Vapor phase inking is uniform, reliable, and much faster than liquid phase inking. Traditionally, the vapor phase inking is conducted by placing probes in a container filled with liquid chemical solutions or crystallized chemical compounds. Unfortunately, this method does not support multiprobe and multi-ink delivery. [15] [16] [17] We report design, fabrication, and testing of a micromachined chip for inking SPN probe array and validation of its performance. The method, based on local thermal evaporative inking transfer, results in low loss and rapid parallel inking action ͑within minutes͒. Inks are delivered to closely spaced ink sites that provide local, on-demand vaporization and ink transfer to scanning probes.
The structure of an individual inking site is illustrated in Fig. 1 . Each site consists of an ink reservoir with a controlled aperture opening. The size of the opening matches that of the base on SPN tips. The reservoir contains liquid or crystallized form of the chemical ink. A SPN probe is brought to the inking site and forms a tight sealing. Upon local heating ͑Ͼ60°C͒, the ink molecules inside the reservoir vaporize to coat the SPN probe tip uniformly. Ink-coated SPN probes are removed after the chip is cooled. The inks are supplied to the reservoir using microchannels, with the walls made of hydrophilic silicon nitride. Due to the dominant surface tension force inside hydrophilic silicon nitride microchannels, thiol solution would be automatically pumped into the individual inking reservoir.
This inking chip consists of two parts: silicon inking reservoir array and ink transport network. In order to keep ink solution from overflowing the reservoirs, a 2-m-thick highly hydrophobic parylene layer is deposited on the top of silicon nitride layer to establish a barrier against liquid spreading. A thin film heater is located underneath the silicon chip to locally heat up thiol molecules inside reservoirs ͑Fig. 1͒.
There are several advantages associated with this inking chip: ͑1͒ it does not require active pumping or valving to transport ink solution, as ink transport in the microchannel is mainly due to surface tension force, ͑2͒ it involves low loss of ink and rapid parallel uniform inking, ͑3͒ it incurs minimal cross contamination of adjacent ink reservoir because of the seal formed between the SPN probes and the apertures, and ͑4͒ it is scalable to high density parallel inking.
The fabrication process to realize the inking chip is shown in Fig. 2͑a͒ A 2600 strate using thermal evaporation ͑Cr/ Au= 50 Å / 5000 Å͒. ͑b͒ Using photolithography with back side alignment, the SiO 2 layer at the front side is wet etched to open square windows, which are subsequently used as masks for etching 5-m-deep reservoir cavities using ethylenediamine pyrocatechol ͑EDP͒ silicon etchant. ͑c͒ We deposit a 1-m-thick zinc oxide ͑ZnO͒ layer on the substrate as sacrificial layer and photolithographically pattern it to form ink channels. We then deposit a 2-m-thick silicon nitride layer followed by a 2 m parylene layer to cover the ink microchannels. A 1200-Å-thick aluminum thin film is deposited as etching mask for subsequent reactive ion etching to etch inking loading holes and ink reservoir windows. ͑d͒ The whole chip is released using diluted hydrochloride acid ͑HCl͒ solution ͑38% HCl: H 2 O = 2 ml: 400 ml͒. This step requires 48 h when performed with an orbit shaker set at 60 rpm. ͑e͒ A silicon mold is etched using deep reactive ion etching. The resultant depth of the mold pattern is 60 m. ͑f͒ The silicon mold is covered with a thin carbon layer to facilitate mold release. We pour a PDMS prepolymer ͑10:1 mixing ratio with curing agent, Dow Corning Sylgard 184, Midland, MI, USA͒ on the silicon mold and cure the polymer in situ. ͑g͒ After 30 min curing at 90°C, the PDMS layer is peeled away from the silicon piece manually. We punch holes on the PDMS piece to provide fluid access and then cut the PDMS piece using a blade. ͑h͒ Finally, the PDMS layer is aligned and assembled with silicon chip resultant from step ͑d͒. Figure 3 is an optical picture of the final assembled inking chip. The inset is the magnified view of a ten-inking reservoir array. Thiol chemical mercaptohexadecanoic acid ͑MHA͒ is used to validate and characterize performances of the inking chip. At first, 1 mM ethanolic MHA is filled into PDMS channels. We load the ink solution at the beginning of the silicon nitride microchannels. Due to the dominant surface tension force inside hydrophilic silicon nitride microchannels, the ink solution is automatically pumped to individual ink reservoir. The MHA ink is deposited inside ink reservoirs ͑Fig. 4͒.
The measured resistance of the thin film heater is around 150 ⍀. After applying a 20 V dc bias, we find that the local temperature at the ink reservoirs reaches the melting temperature of MHA ͑64°C͒ within 2 min. After 2 min heating and followed by 2 min cooling, the inked probe ͑type A, NanoInk Inc. Chicago, USA͒ is loaded on scanning probe nanolithography instrument ͑Nscriptor, Nanoink Inc, Skokie, IL, USA͒.
MHA patterns have been successfully written on the fresh gold-coated silicon substrate ͑Au/ Cr= 30 nm/ 5 nm͒ at 25°C room temperature and 30% relative humidity environment ͓Fig. 5͑a͔͒. The minimum feature can be less than 60 nm. Using the local thermal vapor inking method, a tenprobe array was inked and the inked probe array can successfully write the same pattern on the substrate at the same time ͓Fig. 5͑b͔͒. The linewidth of the pattern is 130 nm.
In order to prove that the ink transfer is truly due to thermal evaporation, the above-mentioned procedure is repeated with the heater turned off. After 15 min inking, the probe was loaded on Nscriptor to write the pattern on the fresh gold-coated substrate under the same working temperature and humidity. The same patterns were at the least ten times slower to write on the substrate even after 15 min inking.
In order to limit the ink cross contamination problem, the ink reservoir is specially designed ͑Fig. 1͒. Because each SPN probe is sealed inside individual reservoir, the ink cross contamination is expected to be limited. A cross contamination test was performed by filling the ink solution in the specific ink channel, as shown in Fig. 3 , and leaving the adjoined ink reservoirs empty. After the aforementioned method to finish inking, we performed writing on fresh gold substrates. But only the probe that was inked from the filled channel was able to write the patterns on the substrate. For other probes, no MHA patterns were detected. We can conclude that no appreciable cross contamination occurs during the local thermal vapor inking. If the different inks are delivered to the different ink reservoirs, the different probes can be simultaneously coated with the different inks using the local thermal vapor inking method. This local vapor inking chip can be reused after two cleaning procedures. First, the inking chip need rinsing using ethanol and acetone solution to wash away most of the ink residue inside ink reservoirs and ink channel, and then Piranha solution ͑H 2 O 2 :H 2 SO 4 =1:3͒ is needed to further clean and treat silicon nitride channel surfaces to make them hydrophilic.
In this letter, we report a method to ink scanning probes for nanolithgraphy based on local thermal vapor ink transfer method. This method can finish low loss and parallel inking scanning probes within several minutes. At the same time, the special design ink reservoir can accommodate probe tip into individual reservoir to limit the possible ink contamination.
